Whereas wild specimens exhibit a red pink silver colour, under captivity red porgy (Pagrus pagrus) skin turns dark grey, being directly associated with lower acceptance by the consumers and lower market value. This study was conducted to evaluate the effect of diet supplementation with two carotenoid sources, at two different concentrations, on growth and skin coloration. Fish of 44 g mean initial weight were fed the following diets: control (with no added carotenoids), CTX 40 and CTX100 (diets with 40 and 100 mg of synthetic canthaxanthin/kg); SM20 and SM40 (diets with 20 and 40 mg of astaxanthin from shrimp shell meal/kg). Three samplings were carried out in this study, at the beginning and after 75 and 105 days of feeding. At each sampling, individual weight and colour measurements were performed. Colour was evaluated in three different body zones: front lateral (zone I), front dorsal (zone II) and caudal fin (zone III). Growth was not influenced by the inclusion of carotenoids in red porgy diet. Only astaxanthin from shrimp shell meal, particularly at 40 mg/kg diet, was able to give red porgy skin an overall reddish coloration, suggesting a better utilization of astaxanthin from this source. Shrimp shell meal diets enhanced reddish hue and chroma values, nevertheless hue values at days 75 and 105 did not show a marked difference and chroma attained after 75 days of feeding time tended to be reduced at day 105, suggesting skin colour saturation after a certain feeding time. Carotenoid supplementation did not influence lightness of red porgy skin in the present experiment. From the three evaluated zones, zone I of fish fed SM40 diet presented lower hue, chroma and lightness variation; therefore, it could be proposed as a control zone for future studies. The results of this study suggests that the inclusion of astaxanthin, from shrimp shell meal, in red porgy commercial diets significantly improves skin coloration and markedly enhances the commercial value of this cultured species. D
Introduction
Despite the more optimistic projections still forecast a certain increase in European sea bass and gilthead sea bream markets during the next years, dependence of most Mediterranean marine fish farms on only two species markedly constrains the further development of aquaculture in this region. Hence, recent studies have being focusing along the last 10 years on diversification of cultured species, many of them belonging to the sparid family (Basurco and Abellán, 1999) . Among them, red porgy, a species distributed along the Mediterranean and Atlantic coasts, has been found to be a suitable candidate for aquaculture diversification for a high fillet quality and market price, among other considerations. Previous studies have shown that this species has a good adaptability to culture conditions, spontaneous spawning in captivity and no serious problems of disease or mortalities (Kentouri et al., 1994; Kokokiris, 1998; Schuchardt et al., 2000) . These characteristics together with the inability of the wild captures to match the market demands make this species a valuable candidate for finfish mariculture (Manooch and Hassler, 1978; Divanach et al., 1993) . However, several authors as well as fish farmers have found that this species loses its natural skin coloration under culture conditions. Thus, whereas wild specimens exhibit a red pink silver colour, under captivity red porgy skin turn dark grey (Kentouri et al., 1995; Stephanou et al., 1995; TECAM, 1999; Cejas et al., 2003) . Maintenance of the natural skin pigmentation is of great importance from a commercial point of view, being directly associated with acceptance or rejection by the consumers (Shahidi et al., 1998) and the product market price.
Skin and muscle pigmentation is frequently provided by carotenoid inclusion in fish diets. For instance, to preserve cultured salmon natural muscle coloration diets for salmonid species include different types of carotenoid sources like synthetic astaxanthin and canthaxanthin (Torrissen, 1989; Bjerkeng et al., 1992; Storebakken and No, 1992) , carcass meal from red crustacean (Satio and Regier, 1971; Kotic et al., 1974) , certain algae or red yeast (Johnson et al., 1980) . Carotenoids are also included in commercial diets for red sea beam to maintain good skin coloration (Katayama et al., 1965; Tanaka et al., 1976; Nakazoe et al., 1984) . Aside from colouring muscle and skin, there is evidence of the beneficial effects of dietary carotenoid supplementation, such as growth enhancement (Torrissen, 1989; and Goswami, 1996) or improvement of broodstock performance (Verakunpiriya et al., 1997; Watanabe and Vassallo-Agius, 2003) .
The aim of the present study was to evaluate the effect of supplementing red porgy diet with synthetic cantaxanthin or astaxanthin (esterified and unesterified) from shrimp shell meal, at two different concentrations, on skin coloration and fish growth.
Materials and methods
Hatchery reared red porgy, with an initial mean body weight of 44 g, were distributed, indoors, in grey circular fiberglass tanks of 100 l at an initial density of 5.3 kg/m 3 . Tanks were continuously provided with natural seawater with at a temperature of 17-19 8C. Dissolved oxygen ranged from 8 to 10 mg/l. Natural light with a photoperiod close to 12-h light/12-h dark was also provided.
Five experimental dry pelleted diets containing 50% protein and 15% lipid were evaluated in triplicate groups for a period of 105 days. A control diet with no carotenoid source added; two diets containing, respectively, 40 and 100 mg of synthetic canthaxanthin/kg, diets CTX40 and CTX100; and another pair containing two levels of shrimp shell meal to provide 20 and 40 mg totally of unesterified and esterified astaxanthin/kg, diets SM20 and SM40, respectively. Feed was supplied until apparent satiation, three times a day, 6 days a week. The ingredient and biochemical composition of the diets are shown in Table 1 . Prior to the beginning of the experiment, fish were fed a commercial gilthead sea bream diet without carotenoids added (Proaqua, Spain).
Biochemical analysis of feed was conducted in triplicate. Moisture, crude protein and ash were determined according to AOAC (1995) . Total lipids were extracted by the method of Folch et al. (1957) and carotenoids by that of Barua et al. (1993) .
Data on skin colour, whole body weight and total length were recorded in anaesthetised fish, with 2-phenoxyethanol, at the beginning, and after 75 and 105 days of feeding. Colour was determined in three zones of the left hand side of the fish: zone I the front lateral, zone II the front dorsal and zone III the caudal fin. Triplicate measurements were taken at each skin zone using a tristimulus colorimeter (Minolta Chroma Meter CR-200, Minolta, Osaka, Japan). The colour parameters were L*, lightness, which ranges from 0 for black and 100 for white, a* for red/green chromaticity and b* for yellow and blue chromaticity, in accordance with the recommendations of the International Commission on Illumi- nation, CIE (1976) . From the a* and b* values, the Hue (H ab ) and chroma (C ab ) values were calculated. Hue, namely the observable colour (e.g. red, blue, yellow), is an angular measurement where 08 indicates a red hue, 908 denotes a yellow hue, 1808 green and 2708 blue one, and is calculated by the equation, H ab =arctan(b*/a*) (Hunt, 1977) . Chroma is an expression of saturation or intensity of the colour attained and is expressed by the equation, C ab =(a* 2 +b* 2 ) 1/2 (Hunt, 1977) . Means and standard deviations were calculated for all fish for each parameter measured. All data were tested for normality and homogeneity of variance. Differences among groups were determined by oneway ANOVA or non parametric statistics (Kruskal and Wallis). A minimum significance level of Pb0.05 was used in all tests. To evaluate variability of hue, chroma and lightness, of coloured fish, between each zone, the coefficient of variation was estimated.
Results
No significant differences were found in growth, SGR and FCR among fish from all dietary treatments (Table 2) . Nevertheless, higher growth values were observed in fish feed SM40 diet and lower growth and SGR in fish fed CTX100.
Skin hue values attained in zone I are shown in Fig.  1 . Fish feed SM20 and SM40 diets had a significantly ( Pb0.05) more reddish hue at day 75, and after 105 days of feeding the tendency of all dietary treatments was to give the skin a yellowish hue, except fish fed SM40 diet that maintained the reddish hue, differing significantly ( Pb0.05) than the rest. Chroma or saturation degree results (Fig. 2 ) of fish feed SM40 diet were also significantly ( Pb0.05) higher than the other fish at both sampling times, despite chroma values being lower in the second one. Skin lightness results (Fig. 3) show no significantly differences among treatments and final values are slightly higher than the initial. Coefficient of variation of hue, chroma and lightness of fish fed SM40 diet, in this zone, was 6.9%, 17.9% and 9.1%, respectively.
In zone II (Fig. 4) , skin from fish fed control, CTX40 and CTX100 diets showed significantly ( Pb0.05) higher hue values giving this zone a yellowish hue. Shrimp shell meal diets did not alter hue values in this zone. Although at the end of the experiment, chroma (Fig. 5 ) values were reduced in zone II of all fish, that of fish fed SM40 diet was significantly ( Pb0.05) higher than the rest. Similarly, lightness tended to decrease along the experiment (Fig. 6) . Hue, chroma and lightness of fish fed SM40 diet presented coefficient of variation of 25.1%, 42.4% and 13.1%, respectively. Hue results in zone III are shown in Fig. 7 . Fish feed SM20 and SM40 diets were significantly ( Pb0.05) more reddish throughout the experiment; although, redness tended to decrease at day 105 in fish fed both diets. In zone III, chroma values (Fig. 8 ) for SM20 and SM40 fish skin were significantly ( Pb0.05) higher than the rest even at the final sampling when all values tended, once again, to be lower. Lightness results showed no statistical differences among treatments (Fig. 9) . Coefficient of variation of hue, chroma and lightness of SM40 diet fish was 7.4%, 27.6% and 11.5%, respectively.
Discussion
Carotenoids are known to have a positive role in the intermediary metabolism of fish (Tacon, 1981; Segner et al., 1989 ) that could enhance nutrient utilisation and may ultimately result in improved growth (Amar et al., 2001) . In the present study, fish feed a carotenoid source did not differ from control fish in growth and FCR. These results are in accordance with another study carried out with red porgy juveniles fed krill meal, for 75 days, as a source of astaxanthin (Chebbaki, 2001 ) and agree well with that of Gomes et al. (2002) who did not find growth or feed efficiency enhancement when gilthead sea bream were fed different carotenoids for 9 weeks. Also, a study with rainbow trout (Nickell and Bomage, 1998) found no significant differences. Nevertheless, this study with rainbow trout, found that fish fed an astaxanthin supplemented diet from 6.5 and 25.5 until 400 g exhibited higher wet weight than fish fed astaxanthin from 120.5 up to 400 g; these results suggest supplementing for longer periods are needed to evaluate a possible role on growth.
From the two carotenoid sources and dietary levels used in the present study, only 40 mg of astaxanthin from shrimp shell meal/kg diet, which is mainly in a esterified form, was able to give red porgy an overall reddish coloration, suggesting a better utilization of the esterified astaxanthin by this species. Astaxanthin esters were also more efficiently utilized for deposition and coloration of the skin than free astaxanthin in red sea bream (Nakazoe, 1984; Ito, 1986; Lorenz, 1998) . In other species such as Australian snapper (Booth et al., 2004) , both unesterified or esterified forms of astaxanthin provide similar contents of astaxanthin in the skin. Also, in gilthead sea bream synthetic astaxanthin and cantaxanthin or pigments from algae were efficiently absorbed, as shown in plasma carotenoid composition (Gomes et al., 2002) . Both astaxanthin and canthaxanthin, either alone or in combination, have being efficiently used for muscle pigmentation in salmonids (Bjerkeng, 2000) . However, astaxanthin in a esterified form is less efficiently used by these species (Torrissen and Braekken, 1979; Schiedt et al., 1985) .
Canthaxanthin supplemented diets affected skin coloration giving a yellowish hue and atypical chroma values, since increase dietary carotenoids usually raises chroma values whereas fish fed CTX100 diet attained lower chroma values than fish fed CTX40 diet. Red sea bream, fed h-carotene or canthaxanthin, showed a decrease in the carotenoid level in the integuments (Lorenz, 1998) . Decrease in deposition can be explained by a limitation in the rate of absorption (Torrissen et al., 1990) . In rainbow trout, it is stated that astaxanthin is a better pigment source than canthaxanthin; also, it has been found to be better absorbed through the digestive tract and a preferred deposition of astaxanthin in the flesh (Torrissen, 1989) .
There is an uneven distribution of colour in red porgy skin, the front lateral zone exhibiting a more reddish hue and higher chroma values, followed by the caudal and finally dorsal zone. These results suggested a progressive deposition of astaxanthin in these three body zones, since coloration and the concentration of carotenoids are significantly related (Bjerkeng, 2000) . Uneven colour distribution was also found in salmonids muscle, where a longitudinal variation in carotenoid content and red colour was found, with more astaxanthin deposited in the caudal than in the anterior part (Bjerkeng, 2000) . A part from an uneven distribution, the variability of hue, chroma and lightness of pigmented fish from SM40 diet was lower in zone I than in the other two zones.
In the present study, dietary pigment that enhanced reddish hue and chroma values tended to be reduced after 105 days of feeding. This behaviour of hue and chroma suggest a certain skin colour saturation. In agreement, an apparent colour saturation point was found in red sea bream fed 100 mg free astaxanthin/kg diet for a month, with no further increase afterwards Ito et al., 1986) , whereas when fish were fed astaxanthin esters maximum astaxanthin contents were found after 2 months of feeding. This saturation plateau found in fish fed carotenoids seems to depend on genetical factors (Torrissen and Naevdal, 1984) nutritional (Torrissen, 1985) and biological factors such as fish size and specie.
Carotenoid supplementation did not influence lightness of red porgy skin in the present experiment. Skin pigmentation in vertebrates is modified by hormonal stimulation, background colour and the illumination (Sugimoto, 1993; Duray et al., 1996; Crook, 1997; Healey, 1999; Papoutsoglou et al., 2000; Rotllant et al., 2003) . For instance, in Australian red snapper, skin darkness seems to be a response to the proximity of sea cages to the surface of the water and the subsequent effect of sunlight exposure on melanin concentration in the skin (Booth et al., 2004) . Handling stress and sacrificed methods are also among factors that negatively influence fish skin lightness (Qun Lin et al., 1998) .
The present study suggested that Pagrus pagrus skin pigmentation can be modified from a dark grey to a red pink silver colour, supplementing the diet with 40 mg of astaxanthin/kg diet contained in shrimp shell meal. From the three evaluated zones, the front lateral zone seems accumulate more astaxanthin, showing a more reddish coloration than the other two zones and less variability; in further studies, this zone can be used as a control for evaluating the overall redness attained in this species. Nevertheless, since diet is not the only parameter that modifies skin pigmentation, its relation with environmental factors and aquaculture related stressors should be considered for the adequate coloration of red porgy.
